Expression of the tryptophan biosynthetic genes of Bacillus subtilis (1-6) is regulated in response to the intracellular concentration of L-tryptophan. When the trp RNA-binding attenuation protein of B. subtilis, TRAP, is activated by tryptophan, it binds to a segment of the nascent trpEDCFBA operon leader transcript that includes an RNA secondary structure, the antiterminator (see Fig. la) . Disruption of the antiterminator favors formation of an overlapping factorindependent terminator structure (see Fig. la ), resulting in transcription termination at a site just preceding the trp operon structural genes (3) . In addition to regulating transcription, TRAP can also regulate translation. TRAP can bind to trp operon transcripts that escape termination and indirectly inhibit trpE translation (ref. 4 ; E. Merino, P.B., and C.Y., unpublished data). One trp gene, trpG, is located in a folic acid biosynthetic operon (7) . trpG translation appears to be regulated by a TRAP binding site that overlaps the trpG ribosome binding site (see Fig. lb) (2, 7) . The trp operon leader binding site is composed of 11 (G/U)AG repeats (see Fig. lb ) (2) . This recognition sequence correlates with the TRAP quaternary structure in which 11 identical subunits are arranged around an elevenfold axis of symmetry; one molecule of tryptophan is bound per subunit (8, 9) . In the present study, we have determined the optimum binding site for TRAP and have used transmission EM to image the oligomeric structure of the protein in the presence and absence of RNA. MATERIALS AND METHODS Plasmids. Plasmid pTZ18U, containing a T7 RNA polymerase promoter (United States Biochemical), was used to construct the trp leader transcription templates used in these studies (2) . Specific templates were constructed by ligating double-stranded oligonucleotide cassettes or single-stranded oligonucleotides flanked by EcoRI and Kpn I cohesive ends into the pTZ18U polylinker. Single-strand gap repair was performed with T4 DNA polymerase. The oligonucleotides used were designed so that the insert DNA would contain 6 trinucleotide repeats separated by appropriate spacer nucleotides (see Table 1 ). All pTZ18U-derived templates were confirmed by DNA sequencing. Transformation and DNA isolation were performed as described (1) . Plasmid pHV705A, containing the Escherichia coli lac promoter, an 80-to 90-nt linker region, and 380 bp of the GAAGA repeat, was constructed by cloning a satellite DNA sequence from Drosophila melanogaster (10) into the EcoRI and Sal I sites of the pHV100 polylinker (11) .
RNA Synthesis. Labeled runoff transcripts were synthesized in vitro using T7 RNA polymerase according to the manufacturer's protocol (New England Biolabs) from DNA templates linearized with the appropriate restriction enzyme. The labeling nucleotide was [5,6- (2, 13 I on the filter were corrected for the number of U residues visualize the structure of the TRAP-tryptophan complex, we in each transcript, since UTP was used as the labeling performed EM studies with uranyl acetate to obtain contrast ide. Background counts in the absence of L-tryptophan were enhancement. Fig. 3a shows a field of TRAP molecules in the ed from each value (generally 200-300 cpm). Each transcript presence of 1.25 mM tryptophan. The TRAP molecules are ed six trinucleotide repeats of the indicated sequence separated quite uniform in size, but there are at least three different pacer nucleotides listed in the table.
classes of shapes. In agreement with x-ray data (8, 9) , we see many toroid-shaped molecules with diameters of 9 ± 1 nm kP-synthetic RNA complexes, we compared complexes (molecules labeled 1 in Fig. 3a) . We also see molecules that are with transcripts containing 6 GAGs or 6 UAGs (with crescent-shaped (molecules labeled 2 in Fig. 3a) ; these may be 'acers) with complexes formed with the trp leader due to partial dissociation of the subunits of some of the toroids during sample preparation (the samples were not -_________________________________ fixed). Lastly, we see a class of round molecules with two small 00- . ! flinternal orifices of equal size (molecules labeled 3 in Fig. 3a ).
These molecules have an outside diameter that is the same size as the toroid. Since the monomeric molecular weight of TRAP is only 8328, and beyond the resolution of conventional transmission EM, all of the molecules in our images must be 70/ oligomers. however, the poly(GAGAA) was not readily visible (data not shown). We could readily see some DNA templates that were still present in our RNA preparations. Even at TRAP concentrations in excess of saturation, we saw no TRAP-DNA interactions.
In contrast to our poor shadowing results with TRAPpoly(GAGAA) complexes, we readily observed images of TRAP-trp leader RNA complexes with sufficient resolution to identify a long RNA tail emanating from one side of the TRAP oligomer (Fig. 4) . The TRAP binding site in the 737-nt transcript containing the trp leader sequence is nt 451-506. We see numerous examples of complexes with a toroid-shaped TRAP molecule, consistent with the interpretation that the RNA molecule is wrapped around the toroid (see labeled molecules in Fig. 4 ). All bound TRAP molecules appear to be of uniform shape. We did not detect any RNA molecule with more than one TRAP oligomer bound. We conclude that in these images TRAP is interacting with its specific binding site in trp leader RNA and that TRAP retains its original toroid shape in this complex. 
DISCUSSION
Analyses of the TRAP binding sites in trp operon leader RNA and trpG RNA led to the identification of several closely spaced repeated GAG and UAG sequences as the sites of TRAP interaction (2). Our in vitro binding studies with synthetic RNAs indicate that an RNA segment containing GAG repeats with 2-nt spacers serves as the best TRAP binding site (Table 1 and Fig. 2 ). TRAP bound more weakly to transcripts containing UAG repeats (Table 1 and Fig. 2 ). This result is in agreement with previous footprint data, which showed that each nucleotide in the GAG repeats was protected by bound TRAP, whereas only AG was protected in UAG repeats. While the spacer nucleotides were generally unprotected in footprint analyses (2), it is not known whether there is a preferred spacer sequence. TRAP bound poorly or not at all to similar transcripts containing AAG, CAG, GCG, GGG, GUG, GAA, GAC, or GAU repeats (Table 1) . Although TRAP bound very poorly to the transcript that contained only AAG repeats (Table 1) , an AAG might contribute to a transcript's overall binding effectiveness if the adjacent repeats were GAG or UAG. The AAG present in the B. subtilis trpG transcript is surrounded by two GAG repeats, while the B. pumilus trp leader transcript contains an AAG with a UAG repeat just upstream and a GAG repeat just downstream (Fig.  1) . The context of a GAG, UAG, and AAG repeat may therefore affect a transcript's interaction with TRAP.
We also found that an RNA containing six GAGs separated by AU spacers formed a stable complex with TRAP, whereas a TRAP complex formed with RNA containing six UAGs was relatively unstable (Fig. 2 ). An RNA species containing three GAGs and-three UAGs formed a TRAP-RNA complex of intermediate stability (Fig. 2) . These results indicate that GAG repeats contribute more significantly to the stability of TRAP-RNA complexes than UAG repeats, a result consistent with previous footprint data (2) and the data presented in Table 1 .
We also determined that the spacing between adjacent trinucleotide repeats is critical. TRAP bound very effectively to RNA containing GAGs separated by 2 nt. However, TRAP did not bind to transcripts containing GAGs that were separated by 1, 3, or 4 nt, indicating that 2-nt spacers are optimal for TRAP recognition (Table 1) . It is unlikely that the inability of TRAP to bind tightly to transcripts containing GAG repeats separated by 1, 3, or 4 nt is due to RNA secondary structure. The predicted stabilities of the secondary structures (20) of the tested transcripts containing 1-, 2-, 3-, and 4-nt spacers are -3.7, -3.7, -3.7, and -5.2 kcal/mol (1 cal = 4.184 J), respectively. In no case are any of the GAGs predicted to be base paired. However, it seems likely that GAGs that are separated by >2 nt in the B. subtilis trp leader and trpG transcripts do contribute to TRAP binding (Fig. 1) (Fig. 1) . A binding site size of -5 nt for the TRAP monomer is quite reasonable, since fd gp5 protein has a monomeric binding site size of 4 nt for singlestranded DNA (16) .
Our data are consistent with a model in which a continuous segment of trp leader RNA is wrapped around the perimeter of TRAP. In our TRAP-RNA images, the bound trp leader RNA appears to emanate from only one segment on the surface of the TRAP toroid. The 737-nt trp leader transcript used in the transmission EM studies has its 1st UAG site at +451, and its 11th and last GAG site at +506. If resolution had permitted, we might have seen the 11-mer RNA entering and exiting from the TRAP oligomer at adjacent subunits. We suspect that sequences on the 5' and 3' boundaries of the RNA binding site of the transcript are base paired in our images.
The E. coli Rho protein and the B. subtilis TRAP protein appear to share both structural properties and some biochemical activities. Both proteins are toroid-shaped oligomers (9, 12) . Rho can bind a 70-to 80-nt contiguous segment of poly(rC), and it retains its toroidal shape upon binding this RNA. Binding of ATP to Rho increases the protein's affinity for structured RNA (17) and thereby facilitates opening of the RNA structure. In addition, Rho is an ATPase-dependent RNA-RNA helicase that can separate short segments of RNARNA hybrids (18) . Similarly, tryptophan dramatically increases the affinity of TRAP for RNA (19) . Tight binding could destabilize any RNA secondary structure containing (G/U)AG repeats. One such RNA structure that is crucial in attenuation regulation, the antiterminator, is predicted to form in the trp operon leader transcript (Fig. 1) .
